The behavior of steel reinforcement was studied using electrochemical impedance spectroscopy ͑EIS͒ and polarization resistance ͑PR͒ techniques in conditions of chloride-induced corrosion in ordinary Portland cement-mortar specimens immersed in 7% NaCl for a test period of 120 days and compared to specimens immersed in demineralized water for the same period as reference specimens. This study was an initial phase of ongoing research on electrochemical methods for corrosion protection in reinforced concrete structures and aimed at investigating the applicability of widely accepted techniques as EIS and PR and their possible correlation with structural observations of the bulk matrix, relevant to cement-based materials science and product-layers distribution, to corrosion and further protection. The results indicate that the concept of EIS modeling and the components used in the latter correspond well to alterations in structural properties of the bulk matrix, while the electrochemical behavior can be additionally supported by morphological observations of the steel/cement paste interface. As is well known, corrosion in reinforced concrete is a great concern with respect to structure durability. Corrosion in concrete can take place when carbon dioxide has penetrated to the steel surface or when chloride content in the vicinity of the steel bars reaches certain threshold values.
As is well known, corrosion in reinforced concrete is a great concern with respect to structure durability. Corrosion in concrete can take place when carbon dioxide has penetrated to the steel surface or when chloride content in the vicinity of the steel bars reaches certain threshold values. 1 Consequently, breakdown of the passive layer, normally deposited on the steel surface in the concrete alkaline medium, is taking place. The assessment of the condition of reinforced structures in terms of time to initiate reinforcement corrosion, the level of damage, the performance of the system related to mechanical properties, evaluation of efficiency of protection techniques, etc. is always related to estimating corrosion rates, i.e., to determination of electrochemical parameters for the steel reinforcement in certain technical and environmental conditions. The electrochemical behavior of steel reinforcement has been extensively studied and outcomes are reported in literature. [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] The intention of this work is to see how well different electrochemical techniques agree for reinforced cement-based materials rather than obtaining absolute quantitative parameters ͑such as corrosion rate for example͒ and, further, to correlate results with structural and morphological observations of the bulk matrix and the steel/cement paste interface, thus setting up a combination of techniques for the assessment of corrosion and protection in reinforced concrete.
Applicability of Electrochemical Techniques to Reinforced Cement-Based Materials
Different approaches hold for the performance of electrochemical ͑EC͒ measurements and their applicability to reinforced concrete, including possible errors in measuring the related corrosion parameters. 7, 13, [16] [17] [18] [19] [20] A recent study 21 presents comprehensive information on the application of EC techniques in investigating the corrosion of steel reinforcement, emphasizing the fact that all known techniques are applicable and useful for such systems and the inevitable errors in deriving quantitative results are mainly due to inaccurate performance of the techniques but not the techniques themselves. [22] [23] [24] Generally, all EC techniques use simple models which might not always completely apply to all corrosion systems; therefore, the applicability of these techniques, especially in systems like reinforced cement-based materials, being relatively more complex, 25 are subject to certain limitations, as already reported and discussed in numerous works. 13, 16, 17, 19, 20, [26] [27] [28] [29] [30] Relevant to the application of electrochemical impedance spectroscopy ͑EIS͒, for example, problems occur in the shape of the response of reinforcing steel in concrete ͑mortar͒ in the Nyquist format, i.e., showing open and incomplete arcs when a capacitive behavior of the steel is observed or various semi-to depressed semicircles and further appearance of additional time constants due to corrosion and certain chemistry of the bulk material. 2, 4 Composing complex equivalent electrical circuits consisting of more time constants is not always a solution in the latter cases, as it is often difficult to attribute them to a good physical mode. 3 For deriving the polarization ͑or charge transfer͒ resistance in EIS applications for reinforced concrete and mortar, the system response at the lowest frequency is generally considered for calculations, as reported in Ref. 15, 16 , and 31-34, and is used in the present study as well. Some studies indicate that this response can also include redox reactions in the product layers. 3, 4 Additional complications and errors might appear in EIS measurements when high ac frequency is applied, such as in the case of inadequate polarization hold period, high solution resistance, etc. 27 Despite this, the EIS technique remains a powerful tool for investigations in reinforced concrete and mortar systems, as it gives information for the interfacial phenomena and electrical and electrochemical properties of the materials involved, taking into consideration both the bulk cement-based matrix and the steel reinforcement. 4, 35 Relevant to dc measurements, like photoresist ͑PR͒, the above considerations for possible errors, applicability, and reliability hold as well, as reported elsewhere. 2, 3, 11, 16, 36, 37 In the case where corrosion rates have to be derived from PR measurements, complications and errors arise related to the following factors: 17, 18 not known Tafel slopes, lack of linearity of the polarization curve in the region of corrosion potential, lack of steady state, equilibrium potentials of anodic and cathodic reactions very close to the corrosion potential, etc. Although the drawbacks of the technique are well known, it is widely applicable for fast evaluation of electrochemical behavior ͑for example, deriving R p as in this study͒ for reinforced concrete or mortar systems. 10, 21, 38, 39 The arising errors can be minimized by establishing a correct sweep rate and waiting time during the measurements, e.g., potentiodynamic measurement using a 2.5-10 mV/min sweep rate 17, 21, 27, 29, 40 gives reliable results. The aim of this contribution is to investigate the applicability and reliability of a combination of techniques, which at first take into consideration both materials in a reinforced concrete system, i.e., the bulk cement-based material and the steel surface. Further, we aim to investigate the relevant interfaces, like the interfacial transition zones ͑ITZs͒ in the bulk matrix ͑cement paste/aggregate͒ and the interface steel/cement-based material, both bearing significant alterations in conditions of chloride-induced corrosion. Finally, an attempt is made to correlate derived electrochemical behavior of the steel surface in corroding and noncorroding conditions with microstructural properties and, moreover, to visualize the relevant alterations of product layers using morphological investigations. To this end, the combination of techniques was intended to approach in a more fundamental way the understanding of corrosion of steel in concrete and, further, to enable verification of the efficiency of improved steel protection using electrochemical methods.
Experimental
Materials.-Mortar cylinders ͑D = 40 mm and H = 150 mm͒ were cast according to standard procedures, using Ordinary Portland Cement CEM I 32.5 ͑cement-to-sand mixing proportion of 1:3 and water-to-cement ratio of 0.6͒. Ordinary construction steel bar ͓using FeB500HKN as-received steel ͑d = 6 mm͒, i.e., no preliminary treatment͔ was centrally located ͑embedded length of 80 mm͒ in all specimens. Group N ͑comprising specimens A and B͒ was cured in fog-room conditions ͓95% relative humidity ͑RH͒, 20°C͔ for 14 days and afterwards partially ͑1/3 of the height͒ submerged in 7% NaCl solution in lab-air conditions for 4 months. The poor mortar quality, the high water/cement ratio, and the relatively high NaCl concentration are designed to accelerate the corrosion process. A group denoted as R, using the same mortar mixture, reinforcement arrangement, casting procedures, and experimental conditions, but immersed in demineralized water, was investigated as a reference ͑control͒ specimen. Figure 1 depicts the experimental and measurements setup. The electrochemical measurements were performed in immersed conditions ͑ensuring conductivity of the medium͒ using mixed metal oxide ͑MMO͒ Ti mesh as counter electrode and external saturated calomel electrode ͑SCE͒ ͑Fig. 1͒ or, for verifications of results and monitoring, embedded Mn/MnO 2 as reference electrode. The chosen setup is found to be appropriate for measurements on steel in mortar ͑concrete͒ as previously used by the authors 41 and reported also in Ref. 31 .
Methods.-PR and EIS were performed at open-circuit potential ͑OCP͒ for all groups of specimens. For PR measurement, an external polarization in the range of ±20 mV vs OCP was used at a scan rate of 0.15 mV/s; EIS was carried out in the frequency range of 50 kHz to 10 mHz by superimposing an ac voltage of 10 mV. The used equipment was EcoChemie Autolab-Potentiostat PGSTAT30, combined with FRA2 module, using general purpose electrochemical system ͑GPES͒ and frequency response analysis ͑FRA͒ interface.
Wet chemical analysis for determination of alkali and chloride concentrations was performed as well. The data obtained are not subject to the present contribution. Relevant to this study is the derived total chloride concentration, between 5.79 and 6 wt % per dry cement weight ͑using ASTMC1218 and ASTM C1152͒ in the immediate vicinity of the steel bar in the corroding specimens.
Scanning electron microscopy ͑SEM Philips XL30͒ combined with energy dispersive X-ray analysis ͑EDX͒ has been employed for visualization, morphological, and microstructure investigations. For measuring structural properties, a set of SEM section images of the specimens were obtained with backscattered electrons ͑BSE͒ mode, and the physical size of the reference region of each image is 226 m in length and 154 m in width, with a resolution of 0.317 m/pixel, corresponding to magnification of 500ϫ. The main outcome from a quantitative image analysis is deriving parameters such as porosity, pore-size distribution, and critical pore size, and further, based on mathematical morphology and stereology approaches, obtaining information for pore-distribution density, which corresponds in physical meanings to pore interconnectivity and permeability.
Results and Discussion
Potential mapping and polarization resistance.-In general, OCP readings for steel embedded in cement-based materials are widely used, 30, [42] [43] [44] aiming to determine the time-to-initiation of corrosion and evolution with time. In chloride-containing environments, corrosion initiation is related to passive-layer breakdown, and hence is due to exceeding certain threshold levels of chloride in the vicinity of the steel surface; consequently, potential mapping is used for determination of chloride thresholds as well. 42 Although the potential readings can be significantly influenced by environmental conditions and the resistivity of the bulk material, as well as the degree of pore network saturation, 45, 46 they can give valuable qualitative information for the electrochemical behavior of the steel surface in such systems, and hence corrosion potential readings were used in the present study as supportive information. Figure 2 depicts the trends of OCP evolution with time for corroding ͑specimens A and B, group N͒ and reference ͑group R͒ specimens ͑up to 120 days of cement hydration͒.
As expected, the OCP for corroding specimens A and B ͑re-corded in the potential intervals of −400 to −650 ± 40 mV vs SCE͒ are beyond the threshold of passivity, which is generally accepted to be −200 ± 70 mV vs SCE for reinforced mortar ͑concrete͒ systems. [42] [43] [44] 47 Because potential mapping is strongly influenced by the different phenomena in the bulk cementitious matrix and gives only qualitative information, quantification of the corrosion process can be obtained only by polarizing the steel surface, thus deriving parameters such as polarization resistance ͑R p ͒, for example. In the present study, R p was derived from PR and EIS, taking into considerations all requirements and aspects related to reliable calculation and performance of the measurements. 4, 16, 40, 48 Figure 3 depicts the recorded R p values from PR measurements, the R p values for noncorroding specimens ͑group R͒ being, as expected, about 1 order of magnitude higher than corroding specimens ͑group N͒ at the end of the test. A slight deviation from the passive threshold ͑potential of −250 mV vs SCE͒ was recorded for the reference ͑noncorroding͒ specimens, reflected by a drop of R p values ͑Fig. 3͒ between 35 and 60 days of age. Similar behavior and observations were recorded in previous studies as well. 41 Calcium carbonate and iron hydroxy-carbonates were detected in small amounts on the steel surfaces ͑Fig. 4͒. The carbonate compounds are formed most likely in the process of initial hardening of the mortar mixture and the presence of CO 2 in the mixing water or due to very slow penetration of atmospheric CO 2 through the mortar cover. This penetration is additionally promoted by the poor quality of the investigated mortar ͑w/c ratio of 0.6, large air voids͒, small dimension of the sample, small cover depth, and high degree of structural heterogeneity of the system. The X-ray diffraction ͑XRD͒ observations ͑Fig. 4͒ support the above statements, but a uniform carbonation front cannot be expected in this case. These observations, along with the fundamental behavior of steel in alkaline solution, explain the shift of the R p for noncorroding specimens to lower values but still considerably higher compared to corroding specimens ͑Fig. 3 and Table I͒ .
Electrochemical impedance measurements.-A schematic presentation of the systems under study is presented on Fig. 5 . At least three interface regions should be considered in the interpretation of the impedance response ͑Fig. 5 left͒, i.e., the interface of electrolyte and concrete bulk ͑incorporating concrete cover͒ ͑region 1͒, the inner bulk matrix ͑region 2͒, and the steel/cement paste interface ͑region 3͒.
The equivalent circuit used in the present study ͑Fig. 5 right͒ comprises two time constants in series with the electrolyte resistance. The elements of the equivalent circuit are suggested to have physical meaning as follows: R eI+b is the electrolyte ͑7% NaCl in the case of corroding groups or demineralized water in the case of the reference group͒, including contribution of the mortar overall bulk resistance, the first time constant ͑R pn and CPE pn ͒ is attributed to the properties of the cementituous matrix in terms of pore network, and the second time constant ͑R ct and CPE dl ͒ deals with the electrochemical reaction on the steel surface. The experimental impedance response in Nyquist and Bode formats for all groups is presented in Fig. 6-8 . Summarized data for the best-fit parameters are presented in Table I .
The shape of the experimental curves for all specimens reflects . ͑Color online͒ XRD ͑using Co K␣ radiation͒ patterns for the steel surface in reinforced mortars from reference group ͑Ref. 41͒ and blank sample ͑as-received͒ steel. The XRD pattern evidences the presence of iron and calcium carbonates due to CO 2 penetration to the steel surface.
the typical response of reinforcing steel in the alkaline medium of cement paste and in conditions of chloride present at the steel/paste interface, as reported also in Ref. 21, 31 , and 32.
Because the specimen geometry is equal for all groups and specimens, the diagrams apply for the total electrode, without conversion for surface area. The same holds for the fit parameters in Table I , except the charge transfer resistance ͑R ct ͒, calculated in k⍀ cm 2 ͑electrode surface area is 16 cm 2 ͒. The replacement of pure capacitance ͑C͒ with constant phase element ͑CPE͒ in the equivalent circuits ͑Fig. 5͒ is widely accepted for systems as in this study, 2,5,16,49 being denoted to inhomogeneities at different levels, i.e., steel surface roughness, bulk matrix heterogeneity, etc. The CPE is an empirical mathematical description of the observed impedance response and is defined by Ref. 50 as: Z = ͑ j͒ −n /Y 0 , being further quantified by the parameters Y 0 and n ͑CPE constant and CPE factor, respectively͒.
At low frequencies ͑0.01 Hz͒ close to capacitive behavior was observed for group R, indicating a situation of passivity ͑Fig. 6͒, in contrast to the incline to the real-axis semicircles for the corroding group N, specimens A and B ͑Fig. 7 and 8͒, reaching a shape of a semidepressed circle in the case of group A ͑Fig. 7͒. The response for group N reflects the evolution of corrosion with time, also evidenced by the more significant phase-angle drop for these specimens, compared to the reference group R ͑Bode plots in Fig. 6-8͒ . The impedance response in the low-frequency domain was used for deriving the charge-transfer resistance of the steel bars. 15, 16, [31] [32] [33] [34] The recorded R ct for group R was at least 1 order of magnitude higher than the R ct for group N ͑Table I͒.
The high-frequency arcs ͑incorporated plots of enlarged areaupper right of the Nyquist plots for each group, Fig. 6b, 7b , and 8b͒ and the response evolution with time suggest that R el+b is the electrolyte resistance, including contribution of the mortar bulk resistance, as the derived values increase with time due to cement hydration ͑cement hydration modifies the microstructure of the bulk matrix as hydration products gradually fill in the available space in the cement paste͒. The derived values for R el+b for the reference group are in the range of 400-1390 ⍀ ͑from 35 to 120 days of age͒ and about 200-300 ⍀ for the corroding groups ͑Table I͒, which is consistent with observations in similar research, 3 reporting resistance of 900 ⍀ for mortar free of chloride and 450 ⍀ for mortar containing 1% chloride ͑about 6% total chloride per dry cement weight was found at the steel/cement paste interface, hence lower resistivity was observed for the relevant specimens in this study͒.
In modeling the steel/cement paste interface, several researchers 13, 16, 51 have proposed the equivalent circuits to include elements for diffusion in addition to the CPE, coupled with the charge transfer ͑R ct ͒. Including diffusion elements normally explains low-frequency tails which could appear in some impedance diagrams, 2 however, such response was not observed in the present study. The EIS measurements were performed up to 10 mHz as lowest frequency for both corroding and noncorroding groups, hence the charge process of CPE predominates in the response and no diffusion effects ͑which are at frequency lower than 1 mHz for passive and lower than 5 mHz for active state 16 ͒ were recorded. The proposed circuit ͑Fig. 5͒ gives generally good-fitting results. We did not include additional components, taking into consideration the time of exposure and test conditions of only 4 months.
Looking at the equivalent circuit ͑Fig. 5͒ and the fit parameters ͑Table I͒, the first time constant ͑for all groups͒ is definitely related to the pore network of the bulk material, as the power of CPE is mostly in the range of 0.4-0.6, and pseudo capacitance values are very low ͑Y o in the range of 1.3 ϫ 10 −7 to 9.8 ϫ 10 −10 ͒, and hence cannot be denoted to the electrical double layer on the steel surface or to redox reactions. 52 The second time constant is related to the charge-transfer resistance and double-layer capacitance at the steel surface, as the CPE power in the range of 0.69-0.86 is related to the electrochemical reaction, and the pseudo capacitance is stable with time for the reference group and increases for the corroding groups, which is consistent with the drop of the derived R ct of the latter two.
Obviously, an equivalent circuit with a single capacitor is not in Table I . Summarized data for the best-fit parameters, derived on the basis of the experimental EIS results, using simulation and fitting procedures, and the equivalent circuit: R el+bˆQpn †R pn "R ct Q dl … ‡‰, also shown in Fig. 5 . 0.6871 Figure 5 . Schematic model of involved interfaces ͑left͒ and corresponding equivalent electrical circuit, used to fit the experimental EIS data ͑right͒ for the specimens under study.
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harmony with the response of all specimens. However, it is questionable if phase shifts originating from phenomena very different from real capacitance, especially in such systems, can be modelled with complicated electrical circuits. 3 Hence, the proposed relatively simplified equivalent circuit is believed to be satisfactory for evaluation of the system parameters, where the components have clear physical meaning. This consideration is supported by the values obtained from the fitting procedures ͑Table I͒, which correspond well to values reported in similar research 3, 7, 31, [52] [53] [54] and are evidenced by an acceptable error ͑see Fig. 9͒ . The sine shape indicates that obviously the equivalent circuit can be further improved; however, more complicated circuits are not addressed in this paper. The relative error in the frequency domain 100-0.01 Hz ͑corresponding to the frequency region for the calculation of R ct ͒ is almost zero, hence the determined values for charge-transfer resistance can be considered as reliable. Moreover, the derived values for R ct are consistent with the derived R p values from PR method ͑see Fig. 10͒ . Table I comprises the best-fit values for the rest of the components from the equivalent circuits, including pore-network resistance and charge-transfer resistance, which are further discussed in correlation with microstructural properties of the bulk material.
Microstructural analysis.-The electrolytic path in reinforced mortar and concrete systems is dependent on the kinetics of aggressive ion-transport mechanisms which are affected by pore-size distribution and pore connectivity. Porosity and ionic conductivity are related to main physicochemical processes, which affect the material properties. Hence, pore structure is highly relevant to the electrical properties of materials and consequently influences the electrochemical phenomena in systems, as in the present study.
The critical pore size can be conceived as the diameter of the pore that completes the first interconnected pore pathway in a network, developed by a procedure of sequentially adding pores of diminishing size to this network; the critical pore size can be associated with the inflection point of a cumulative pore-size distribution curve. 55 The critical pore size is a unique transport-length scale of major significance for permeability properties. In this study, using a refined form of the Katz and Thompson equation, 56 the cumulative pore-size distribution is obtained from the so-called openingdistribution analysis, performed on section images of the concrete specimens.
For predicting the permeability of porous materials, Eq. 1, which is the Katz-Thompson equation, is generally used
where l c is the critical pore diameter, is the electrical conductivity of the sample, and o is the electrical conductivity of the pore solution. Further, according to the Carman-Kozeny model, 57 the permeability of cement paste can be predicted on the basis of geometrical properties of pore space, using
where is the porosity, V pore and S pore are the volume and surface area of pore space, and ␤ is the tortuosity of the transport route in the cement. An improvement and refinement of the Katz-Thompson equation is necessary, however, for the purpose of predicting con- crete permeability. The modifications are based on structural information, derived from section image analysis, incorporating 3D parameters or the so-called pore-distribution density ͑PDD͒, employed in this study. PDD is a three-dimensional structural parameter, derived from the skeleton length of pore features, observed on two-dimensional section images. It is found to have a high relation to pore connectivity, water permeability, and ion transport, 55 and consequently is related to the corrosion phenomena in the vicinity of the steel surface. It is impossible to assess the 3D distribution density directly from image analysis of 2D sections. An alternative is to determine the 2D distribution density from specimen sections and to calculate the 3D distribution density on the basis of stereological theory. The 2D distribution density ⌫ 2D of pore space in an image with area A encompassing N skeleton segments of length l i is defined by
For application to transport studies, the parameter l i has to be correlated with the length of a skeleton segment in 3D distribution, denoted as l ac and given by Eq. 4
yields the actual length of a skeleton segment in 3D space. Further, the relationship between 2D and 3D PDD is provided by stereological theory, 58 using
where N A represents the number of skeleton segments per unit area of the test image in 2D ͑i.e., the 2D PDD is converted to 3D͒. Finally Eq. 6, used in this study, is the refined form of the KatzThompson equation
where p c is the critical value of capillary porosity for percolation and H͑p − p c ͒ equals 1 if p Ͼ p c or equals 0 otherwise. Detailed information for the open-distribution technique, PDD, and the stereological approaches can be found in Ref. 59 . The structure parameters in the present study were derived on the basis of microstructural investigation in the radial direction around the steel bar ͑see Fig. 1͒ ; investigation of similar test series are already reported by the present authors in Ref. 60 and 61 . Generally, the interfacial zone at the steel surface exhibits a high connectivity and a coarser pore structure than the bulk matrix. Figure 11 clearly shows that for the reference group R, the interfacial porosity is the highest, and the bulk and edge porosity are similar to the corroding groups. The pore connectivity of group R is lower than corroding group N, specimens A, and almost equal to specimens B. The phenomena are attributed to the formation of the so-called Hedley grains, which are hollow hydrate shells surrounded by a thin shell of calcium-silica-hydrate ͑C-S-H͒. The reasons for this phenomenon are not well understood, but it is believed that the formation of possibly amorphous hydration product on the surface of the cement grains might inhibit the precipitation of C-S-H on the grain surface and lead to the formation of the separated shells, 62 which contribute to the total porosity but do not affect the structure permeability and connectivity.
Hence, ion and water transport cannot be determined by only one parameter alone but should be considered as a function of a combination of structural parameters. These parameters bare alterations in conditions of chloride ingress, chloride binding, and corrosion at the steel/paste interface, which is the main reason for the different electrochemical behavior of the steel surface in specimens of group N ͑specimens A and B͒, being otherwise completely identical in mixture, setup, and specimens geometry. This consideration is evidenced by the significant difference in pore-structure parameters of specimens A and B at the end of the testing period ͑Fig. 11͒ and supports the experimental results from all electrochemical methods.
Microstructural and morphological observations on the steel/ paste interface.-Chlorides are found to be either free ͑Fig. 12 left, depicting free chloride in the form of NaCl in the vicinity of the steel surface͒ or physically and chemically bound. The chemical binding of chloride ions is a process of incorporation into the lattice of crystalline hydration products in the form of 3CaO·Al 2 O 3 ·3CaCl 2 ·10H 2 O ͑Friedel's salt͒ ͑Fig. 12 right͒.
Chloride binding is beneficial as far as corrosion processes are concerned, as the amount of free chloride in the pore solution is decreasing, although as reported in Ref. 63 , bound chloride presents risks for corrosion initiation as well. In conditions of chloride ingress, the release of NaOH during Friedel's salt formation lead to an increase in the pH of the pore solution. The increased pH accelerates the hydration process and consequently modifies the pore structure towards a finer pore-size distribution, as demonstrated by the porestructure analysis and also reported in other studies. [64] [65] [66] Iontransport mechanisms ͑particularly chloride ions͒ and physicochemical alterations in such conditions significantly influence the electrochemical processes taking place on the steel surface. Moreover, as evidenced by the present investigation, they all depend on the bulk-matrix structural modifications and consequently determine the corrosion behavior of the steel surface to a significant extent.
Morphological investigation in terms of corrosion product evaluation and quantitative determination techniques were employed on cross sections of the steel/mortar interface and on a longitudinal section of the steel surface. Direct visualization of formed corrosion products and chemical composition around the steel surface are shown in Fig. 13-16 . Figure 13 depicts the intact steel/cement paste interface in the reference ͑noncorroding͒ specimen, evidenced by the EDX mapping ͑Fig. 13 right͒, revealing the passive state of the reinforcement. The steel surface was mainly covered by a calcium-rich layer in the form of calcium oxide/hydroxide plates, ͑Fig. 14 left͒ and C-S-H gels from the cement paste ͑Fig. 14 right͒.
In contrast, the visual observation and EDX mapping ͑Fig. 15͒ for the corroding specimens reveals the accumulation of iron oxides and/or iron oxy-chlorides at a distance of 100 m away from the steel bars. The accumulation of corrosion products leads to a series of microstructural changes in the systems under study. The detected iron oxides/oxyhydroxides ͑FeOOH͒ may vary in chemical composition and present different morphologies, according to which they can be categorized as geothite ͑␣-FeOOH͒, lepidocrocite ͑␥-FeOOH͒, or akaganeite ͓Fe 3+ ͑O,OH,Cl͔͒. The various morphologies and chemical compositions of the corrosion products determine the different extent of volume expansion and penetration in the cement paste, filling in pores or voids ͑e.g., akaganeite typically grows in air voids or in cracks͒ and cause further concrete cracking. More information on corrosion product formation and distribution in different technical conditions has already been reported by the authors in Ref. 41 .
EDX analysis of the corrosion products reveals similar chemical composition, mainly iron oxides and iron oxychloride complexes, 
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Journal of The Electrochemical Society, 154 ͑3͒ E45-E56 ͑2007͒ E52 despite the different morphology ͑Fig. 16͒. This is attributed to the different mass ratio of iron and chloride ions. When the Fe/Cl ratio of atomic % is in the range of 3-3.5, the complexes present a general lamellar shape. In contrast, at a much higher ratio of 6.5-7, a globular shape is observed. The former type is expected to be responsible for volumetric expansion rather than the delicate, globular, and whiskery minerals.
Correlation of Electrochemical Behavior and Microstructural Properties
As previously discussed, the high-frequency impedance response in EIS measurements is attributed to bulk-matrix properties. If the resistance values ͑Table I͒ are recalculated to give resistivity, using the geometry of the cell ͑equal for all conditions͒, the derived values, ranging between 52 and 180 ⍀ m for the reference and between 26 and 40 ⍀ m for the corroding groups, are completely consistent with preliminary research of the present authors on electrical properties of plain mortar, using the same mixture, 60 where values of 30-50 ⍀ m were derived for 60 days of age, using 2-and 4-pin ac methods. The difference for corroding specimens is attributed to the additional phenomena of corrosion, volume expansion, and microcracking, along with the higher chloride concentration at a later stage for the specimens in the present study. Hence, a relatively proper estimation of bulk-matrix resistance can be derived from EIS measurements, starting at 50 kHz as highest frequency, taking into consideration the experimental conditions, mortar mixture, and age. Figure 17 depicts the evolution of the bulk-matrix resistivity and the pore-network resistivity in ⍀ m for group R ͑left͒ and group N, specimens A and B ͑right͒, derived from the EIS data and in particular the resistance R el+b ͑including electrolyte͒ and the resistance R pn . It is evident that the noncorroding group ͑R͒ exhibits higher values of bulk-and pore-network resistivity, increasing with time, despite the more open pore structure and lower rate of cement hydration. In contrast, the corroding specimens A and B are characterized by much lower bulk-and pore-network resistivity values, although it is known that NaCl is an accelerator of cement hydration, and hence lower porosity and dense pore structure are expected. 60, [64] [65] [66] The phenomenon in the noncorroding specimen is attributed to the already discussed presence of certain features of the pore network, the latter not contributing to ion and water transport; hence, despite the highest porosity of 12.68% at the interface region and critical pore size of 2.8 m ͑Fig. 11͒, the noncorroding group has high resistivity ͑increasing from 60 to 180 ⍀ m for the bulk matrix and from 25 to 85 ⍀ m for the pore network͒. The corroding specimens A and B have much lower resistivity, partly denoted to the presence of NaCl. Although having the same mixture and setup, specimens A and B exhibit significant differences in microstructural parameters ͑Fig. 11͒ at the end of the test, and consequently they vary in resistivity values as well: for the bulk matrix, between 26 and 34 ⍀ m for specimen A and 26-39 ⍀ m for specimen B ͑in-creased resistivity for specimen B at the end of the test͒, in accordance with the pore-network resistivity of 3-7 ⍀ m for A and 3-10 for specimen B.
The resistivity values are consistent with the microstructural parameters for both specimens ͑Fig. 11͒. The interface region for specimen A is characterized by 10.87% porosity and 1.27 m critical pore size, while specimen B has lower interface porosity of 10.20% and 0.9 m critical pore size. More significant differences apply for the structural parameters at bulk and edge regions ͑sche-matic points on Fig. 1͒ , where for specimen A, porosity is 5.2%, critical pore size 0.78 m, and for specimen B porosity is 1.55%, with critical pore size 0.63 m. The denser pore structure of specimen B and lower connectivity determines the higher resistivity values, compared to specimen A, although both specimens are corroding samples from one and the same group. This confirms the intimate relationship between pore structure and permeability of reinforced cementitious materials, which determines the chloride ingress in the systems under study and the corrosion process with time, respectively.
Structural alterations relevant to the corrosion process are contributing as well; the volume of corrosion products is larger than the metallic ions, and their excessive formation results in expansive pressure and causes cracking. The newly formed cracks tend to connect with the existent cracking and form a percolated network, which in turn promotes the further ingress of chloride ion into the steel surface as expansion and cracking are multiplying the amount of connected channels for Cl − movement. This process is obviously more pronounced in specimen A than in specimen B, as connectivity in group B is lower, and consequently the structural parameters determine the electrochemical behavior to be different than group A.
The above observations on structural changes and electrical properties are supported by the OCP values ͑shifting of E corr for specimen B to more noble values at the end of the test Fig. 2͒ , the derived polarization resistance from PR measurements ͑higher R p for specimen B compared to specimen A at the end of the test, A comparison of the EIS response for all groups at 35 and 120 days is depicted in Fig. 18 . The Nyquist diagrams for reference group R have a well-defined arc at high frequencies, with a change to semistraight lines ͑CPE with power of 0.85 to 0.87͒ at low frequency.
Although the response is not entirely capacitive, it significantly differs from the impedance response of the corroding samples, where at low frequency the shape of the diagram is a semicircle ͑CPE with the power of 0.6-0.8͒, significantly declined to the real axis of the plot. For specimen group A this shape transforms to a depressed semicircle at the end of the testing period, while for specimen B a kind of transition from semicircle and semidepressed circle to a line more inclined to the imaginary axis appears. In addition, an apparent two-time constant curve and shifting of the phase angle to higher values is recorded at the end of the test. These observations are in accordance with the microstructural properties of specimen B, suggesting reduced corrosion on the steel surface as a consequence of structural and physico-chemical alterations.
Although the pseudo-capacitance on the steel surface ͑Table I͒ can provide sufficient information for the electrochemical process, in order to compare the present study with literature data, it can also be presented as double-layer capacitance ͓in F/cm 2 ͔, using the following: 67 for a given frequency the following relation between the imaginary part of the impedance of the CPE ͑Z CPE ͒ and the impedance of the fitted capacitance ͑Z C ͒ is valid: I m ͑Z CPE ͒ = Z C ↔ I m ͓1/Y o ͑ j͒ −n ͔ = 1/jC. Using the relationship ͑ j͒ −n = −n ͓cos͑−n/2͒ + j sin ϫ͑−n/2͔͒, the relation between the CPE parameters Y o and n and the capacitance C is C = Y o .
n−1 /sin͑n/2͒. The change of the derived capacitance values with time is depicted in Fig. 19 .
The derived values for reference group R are almost constant with time, in the range of 37-39 F/cm 2 . In contrast, the corroding specimens exhibit higher values of C dl , being in the range of 65-73 F/cm 2 average for the whole period, with an increasing trend for specimen A and decreasing trend for specimen B at the end of the period ͑about 42 F/cm 2 ͒. As mentioned, the transition in electrochemical behavior of specimen B is reflected also by the derived C dl , the latter showing a decreasing trend at the end of the test. The derived values for C dl correspond well to that reported in literature for similar systems and conditions 4, 7, 21, 31 and are denoted to the electrochemical reaction on the steel surface.
Conclusions
In conclusion, the present study reveals that a combination of electrochemical and microstructural observations is a useful tool for determining the corrosion phenomena associated with reinforcement in cementitious materials. The polarization ͑charge-transfer͒ resistance reflects the electrochemical phenomena at the steel/cementpaste interface. Pore-structure investigations and quantitative-image analysis support the experimental results from EIS. Microstructural changes are a factor, significantly affecting the global performance in reinforced concrete systems and hence the electrochemical behavior of the steel surface. Moreover, it is evident that the applicability of EC techniques, EIS in particular, can supply additional information in terms of electrical properties and bulk-matrix characteristics. The correlation of corrosion behavior and derived structural and morphological characteristics provides a complete insight into the electrochemistry of the corrosion process. Table I͒ for noncorroding group R and corroding specimens A and B.
